The March 2016 eruption of Pavlof Volcano, Alaska, produced an ash plume that caused the cancellation of more than 100 flights in North America. The eruption generated strong tremor that was recorded by seismic and remote low-frequency acoustic (infrasound) stations, including the EarthScope Transportable Array. The relationship between the tremor amplitudes and plume height changes considerably between the waxing and waning portions of the eruption. Similar hysteresis has been observed between seismic river noise and discharge during storms, suggesting that flow and erosional processes in both rivers and volcanoes can produce irreversible structural changes that are detectable in geophysical data.We propose that the time-varying relationship at Pavlof arose from changes in the tremor source related to volcanic vent erosion. This relationship may improve estimates of volcanic emissions and characterization of eruption size and intensity.
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T
here are a number of well-documented challenges in monitoring volcanic eruptions and their associated hazards (e.g., 1, 2). Observatories typically rely on local seismic networks and satellites to make critical assessments of eruption size and intensity. However, seismic networks can be sparse and difficult to maintain, particularly at remote volcanoes like those in the Aleutian Islands. Satellites often have limited spatial and temporal resolution and may be inhibited by cloud cover. Other remote geophysical methods, such as low-frequency acoustic (infrasound) arrays, can provide distinct and detailed information about eruption processes (e.g., 3) but may also be part of a sparse network and have a limited signal-to-noise ratio (SNR) and latency as a result of the propagation distance. It is therefore a priority to integrate multiple observations to assess the eruptive hazards during crisis response. However, we lack the ability to quantitatively link seismo-acoustic observations to the intensity of ash emissions.
Seismic and infrasonic volcanic tremor is the continuous vibration of the ground and air, respectively, from a volcano. The origin of volcanic tremor is a subject of active research, including attempts to understand its relation to fluid transport in the solid Earth and atmosphere (e.g., 3, 4).
Volcanic tremor during a sustained eruption is termed eruption tremor. Models of seismic eruption tremor include a downward vertical force on the solid Earth in response to volcanic jet thrust (5), erosion of the volcanic conduit and vent (6) , and chaotic wagging of the magma column (7) . Infrasonic tremor during eruptions has been compared to the noise from high-velocity, turbulent jet flows (8) , and longer-period oscillations are modeled as the result of the emplacement and oscillation of the plume (9) . However, these models do not explain all features of eruption tremor and do not provide accurate estimates of critical eruption source parameters, such as mass flux and plume height. Similarly, although there is general agreement between tremor characteristics such as amplitude and parameters such as plume height (e.g., 10, 11, 12), sizable deviations are possible. Improved understanding of the volcanic tremor source is critical for real-time eruption characterization and hazard mitigation.
The eruption of Pavlof Volcano, Alaska, in March 2016 demonstrates the need for accurate tremor models and improved links to eruption source parameters. The eruption occurred in a remote area on the Alaska Peninsula (Fig. 1A) with no warning or precursory seismicity. A sustained ash plume was emitted for~40 hours; it grew steadily in height from 5 to 9 km above sea level, remained at this level for hours, and then diminished. The plume extended more than 600 km to the northeast over Alaska and eventually to Canada, caused the cancellation of~100 commercial airline flights, and produced minor ashfall in communities up to 450 km downwind.
We analyzed local seismic and remote infrasound data and compared them to observations of the height of the ash plume. The Alaska Volcano Observatory (AVO) operated a limited local seismic network of six short-period seismometers on Pavlof Volcano during the eruption (Fig.  1B) . We examined seismic data from station PS1A because it stayed on-scale and operational during the entire eruption. The University of Alaska Fairbanks operates infrasound arrays at 460 km (Dillingham, DLL) and 1300 km (Fairbanks, IS53), which recorded the eruption. The DLL array recorded the eruption with a high SNR and was selected for comparison (13) . Seismic and infrasonic amplitudes strongly correlated during the eruption. However, they showed a marked hysteresis with ash plume height during the waxing and waning portions of the eruption. This was unexpected because existing models predict that plume height scales with the 1/4th power of mass flux (14, 15) . We propose that changes in the vent and tremor source produced the timedependent relationship between tremor amplitude and plume height, and hence mass flux.
The recent deployment of the EarthScope Transportable Array (TA) in Alaska presents a singular opportunity to use an advanced continental-scale geophysical network, with numerous colocated seismic and acoustic sensors deployed over a large region, for volcano monitoring and characterization. At the time of the eruption, 45 TA stations were operational in Alaska (Fig. 1) . We used seismo-acoustic coherence analysis to find acoustic waves on the infrasound channel and ground-coupled airwaves on the vertical seismic channel ( Fig. 2) (16, 17) . This technique was appropriate because of the low SNR expected at this distance and the prevalence of ground-coupled acoustic waves in seismic data (18) . Four TA stations recorded acoustic waves from the eruption (Fig. 1A) , with station O19K (695 km) having the highest coherence. Figure 2 shows the 0.8 to 5 Hz filtered seismic and infrasonic data for O19K, along with the windowed coherence as a function of time. High coherence lasted for >14 hours, indicating the recording of acoustic waves from Pavlof. We applied coherence weighting to improve the infrasound waveform SNR (13) . The resultant filtered waveform (Fig. 2D) has improved signal and frequency characteristics that correspond to times of high seismo-acoustic coherence. The filtered seismic data from local station PS1A compares favorably to the periods of high coherence (Fig. 2E ). This represents a unique signal detected by the TA and suggests that TA data could be used for future eruption studies and monitoring.
Local seismic and remote infrasound data provide a detailed chronology of the~40 hours of the Pavlof eruption (Fig. 3A) . The eruption began with an abrupt increase in seismic tremor at~23:55 UTC on 27 March. Seismic and infrasonic amplitudes rose steadily until 04:00 on 28 March, when there was a sharp increase in amplitude. Tremor amplitudes stabilized between 05:00 and 16:45, followed by a somewhat erratic decline to low levels. A lowfrequency seismic event also occurred near the summit of the volcano at~16:45. Overall, there is excellent agreement between the seismic and infrasonic amplitudes and their temporal evolution. Data from O19K show a similar evolution; however, the trend is not as clear because of the lower SNR.
We estimated the volcanic plume height by using satellite imagery and a Federal Aviation Administration (FAA) webcam located~60 km southwest of Pavlof ( fig. S1 ). Webcam images were available during daylight hours at 10-min intervals, with an accuracy of~300 m. Satellitebased measurements of the plume height were obtained using the plume top temperature method (14) . The plume gradually rose, leveled off, and then declined during the eruption (Fig. 3B) Comparison of the tremor amplitudes and plume height reveals a striking hysteresis pattern. The tremor and plume height time series both show a gradual rise at the beginning of the eruption, but the plume height remained high and then declined rapidly at the end of the eruption (Fig. 3) . In Fig. 4 , the seismic and infrasonic (DLL only) amplitudes are plotted against plume height and are colored according to time, with tremor amplitudes measured in the sampling window preceding the plume height observations (<5 min). During the initial, waxing portion of the eruption, the relationship between seismic and infrasonic amplitude and plume height is relatively constant. The relationship is different during the decline of the eruption (after 16:45), when the seismic and infrasonic tremor levels dropped rapidly. Analysis of nearby radiosonde measurements from Cold Bay (60 km) indicates that changes in the wind and temperature structure would not have substantially affected the relationship between tremor and plume height. Similar clockwise hysteresis has been observed in comparisons of high-frequency (>1 Hz) seismic noise from rivers and discharge derived from water level during storm events (e.g., [19] [20] [21] . At the beginning of the storm, the riverbed is armored and densely packed. The rising portion of the storm destroys this armor, and sediment impact creates considerable seismicity. After the peak of the storm, the riverbed begins to reform to a densely packed state (20) . Physical models (22, 23) and observations (e.g., 20) suggest that seismic noise from rivers is related to both bedload transport and turbulent flow, with changes in sediment flux during a storm being the dominant cause of the hysteresis. Glacial discharge and seismic tremor also correlate and display hysteresis (24) , suggesting that this phenomenon may exist for a wide range of fluid flow processes.
We propose a similar conceptual model for the volcanic tremor hysteresis observed at Pavlof, wherein the seismic and acoustic tremor amplitude is closely linked to the state of the volcanic vent and the stage of the eruption (6) . Before the March 2016 Pavlof eruption, the upper portion of the conduit was in a densely packed state, plugged with degassed magma. The eruption was likely fed by the rapid aseismic rise of fresh magma over a short period of time. During ascent, the magma decompressed and degassed, triggering explosive fragmentation. A high-velocity flow of particles and gas eroded the conduit walls and vent, producing tremor and driving a jet of ash and gas into the atmosphere. Tremor amplitudes strongly correlated with plume height during this waxing phase of eruption (stage 1), while extensive vent erosion was occurring. Once the vent was cleared, tremor amplitudes leveled off (stage 2) and then decreased more rapidly (stage 3) as flow and particle impacts against the vent walls diminished because the shallow conduit had been cleared and widened.
Multiple lines of evidence support our model. Before and after images from the eruption show extensive erosion of Pavlof's summit ( fig. S2 ). After the eruption, the summit crater was~130 m wide and 110 m deep, whereas there was no welldefined crater before the eruption. The crater narrows to a 30-to 40-m-diameter circular vent at the base. Using scaling relationships and plume height observations, we estimated the evolving vent radius during the first two stages of the eruption (Fig. 3C) (13) . These calculations indicate that the vent widened rapidly at the beginning of the eruption and then stabilized, following a similar trend as the tremor amplitudes. We estimated a maximum vent diameter of between 30 and 35 m, similar to that observed after the eruption. We infer that the low-frequency seismic event originating near the summit at 16:45 signifies crater collapse or rapid widening, because this event corresponds to the inflection point in the hysteresis pattern (Fig. 4) . Sudden vent widening induces magma fragmentation at shallower depths (25) , potentially leading to enhanced bubble growth and ash production (26) . Indeed, a major increase in volcanic lightning occurred around this time (Fig. 3C) , supporting the idea of increased fine ash content in the volcanic plume (27) . In stage 3, tremor amplitudes continued to decline, likely because the crater had sufficiently widened so that the erupting jet was no longer strongly coupled to the vent walls, thereby leading to a different relationship between tremor and plume height. Our proposed vent evolution is consistent with laboratory experiments of vent erosion, which show a rapid widening followed by stabilization and occasional sudden expansion (28) .
Our findings are also consistent with the generic three-stage tremor model proposed by McNutt and Nishimura (6) . Their analysis of tremor and conduit and vent features from 24 eruptions worldwide revealed that these stages represent the most common temporal evolution of eruption tremor. They found that a gradual increase in tremor amplitude is common for the first eruption in a sequence of eruptions, perhaps because of the gradual breaking up and erosion of the conduit. After a leveling-off phase, an exponential decrease in tremor amplitude during the waning stage was observed in 92% of the eruptions that they examined.
Comparison of the seismic and infrasonic tremor from Pavlof Volcano reveals a high similarity between amplitudes and temporal evolution, suggesting a linked seismo-acoustic source located within the shallow conduit or crater. These observations, along with the tremor and plume height hysteresis, guide our multistage conceptual model, which is consistent with those from fluvial seismology and eruption observations from around the world. Future monitoring of volcanic eruptions and interpretations of volcanic tremor, including its relationship to plume height and eruption intensity, should take into account the stage of the eruption and state of the upper conduit and vent, as well as insight from other studies of flows and the vibrations that they produce. Two distinct relationships are evident and correspond to the waxing and waning portions of the eruption and changing source conditions. The clockwise hysteresis is indicated by the two arrows. Error bars for the satellite measurements of plume height were determined using different pixel averaging techniques.
